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We put forward a new proposal of designing charge-based logic devices considering a cyclic
molecule that can be programmed and re-programmed for different functional logical operations
and suitably engineered for data storage as well. The key idea is based on the appearance of bias
induced circular current under asymmetric molecule-to-electrode interface configuration which does
not dissipate even when the bias is off. Our results are valid for a broad range of parameter values,
and provide a boost in the field of storage mechanism, reconfigurable computing, charge-based logic
functions and other nano-scale applications.
I. INTRODUCTION
Designing of logic gates at nano-scale level based on
molecules has been the subject of growing attention as
they are treated as basic building blocks of digital na-
noelectronics1–7. Among different molecular systems,
cyclic molecules play the central role because of their
widespread applications in electronic devices due to high
integration density, low cost and chemical stability. Fol-
lowing the proposal of molecular logic gates by de Silva
and his group1, interest in this subject has rapidly picked
up, circumventing the use of FETs and MOSFETs. In-
stead of designing individual logic gates it is always ben-
eficial to construct functional programmable logic de-
vices (PLDs)8–11 and it becomes more versatile if storage
mechanism can also be implemented as well. The most
significant advantage of a PLD is that several logic func-
tions can be programmed and re-programmed from a sin-
gle device yielding greater performance, reducing built-
in elements and many other suitable functional opera-
tions. In addition to this, the computing performance
can be improved enormously if PLDs are capable of stor-
ing output as in conventional logic systems information
need to be transferred in a storage device for prevent-
ing them getting lost as they are volatile9–11. Though
few proposals are available for the description of logical
operations with built-in-memory based on spin degree of
freedom9–11, but no attempt has been made so far for de-
vising a charge based PLD that can also store computable
information, and in this communication, we essentially
focus along this direction. No doubt, spin-based systems
have several advantages12, however they are not suitable
enough to hit the present market13. The main concern
is the proper regulation of spin states which is still not
yet clear and needs further probing. Whereas for charge-
based systems this issue is not involved any more.
In this communication we explore how charge-based
logic gates can be designed from a single benzene
molecule that can be used as a storage device as
well. Five logical operations (OR, NOT, XOR, XNOR,
NAND) are designed from the benzene ring, though other
two (AND, NOR) can eventually be performed from the
rest. Very recently, in a separate work, we have described
how three primary logic gates, OR, AND and NOT,
can be implemented considering a benzene molecule ex-
ploiting the effect of quantum interference among the
electronic waves passing through different arms of the
molecular ring7. The essential mechanism was based on
the appearance of anti-resonant states under a specific
molecule-to-electrode interface geometry, and no concept
of bias induced circular current and storage mechanisms
have been put forward. The prescription of logical oper-
FIG. 1: (Color Online). Model molecular junction where a
benzene ring is coupled to source and drain electrodes in such
a way that the upper and lower arms acquire equal lengths.
Two gate electrodes (gate-I and Gate-II) are used to tune site
energies of the filled green colored sites those are considered
as inputs of the logic functions. The other sites (filled red
circles), not influenced by external gate electrodes, are the
parent lattice sites. By breaking the symmetry between the
two molecular arms a net circular current (Ic) is established
which, on the other hand, induces a finite magnetic field B.
The complete system is simulated by the tight-binding frame-
work.
ations that we are going to discuss in this communication
is completely new, to the best of our knowledge, and a
successful conclusion of logic operations along with stor-
age mechanisms (charge-based) will definitely boost the
field of digital molecular electronics. The central idea of
the present work is that a net circular current (charge) is
established in the molecular ring by suitably connecting
2it with two electron baths (source and drain)14–16, and
once the current is established it persists even when the
bias is off, analogous to persistent current in an isolated
conducting Aharonov-Bohm ring17–21 though the origin
is quite different. In presence of finite bias, circular cur-
rent in molecular ring appears only when the symmetry
between two arms of the junction is lost. This can be
done in two ways, either by making unequal lengths of
upper and lower arms of the molecular junction or by
introducing an asymmetry in anyone of the two arms
for a lengthwise symmetric molecular junction. We fol-
low the second step where a benzene molecule is coupled
symmetrically to source and drain and applying suitable
gate voltages, associated with inputs of logic functions,
symmetry gets broken to yield non-zero circular current
(Ic). A finite Ic corresponds to ON state of the out-
put, whereas Ic = 0 represents the OFF state. When a
gate electrode, placed in the vicinity of any carbon site
among six sites, is ON its site potential gets modified22,23
resulting an asymmetry. Thus placing gate electrode(s)
in appropriate locations possible logic functions can be
configured from the single molecular junction. And since
the current persists even in the absence of bias, the de-
vice can be used for storage purpose as well. Depending
on Ic (finite or zero) it can store 1 or 0 logic bits.
The work is arranged as follows. In Sec. II we de-
scribe a general model of molecular junction comprising
a phenyl ring which is the key element of our system and
illustrate the theoretical prescription for the calculation
of circular current under different conditions. The es-
sential results which include logic functions and storage
mechanisms are given in Sec. III. Finally, we summarize
our key findings in Sec. IV.
II. MOLECULAR MODEL AND THEORETICAL
PRESCRIPTION
Let us begin with the model molecular junction shown
in Fig. 1 where a benzene molecule is sandwiched be-
tween source (S) and drain (D) electrodes. These elec-
trodes are assumed to be perfect, one-dimensional and
semi-infinite, and they are coupled to the phenyl ring
symmetrically (upper and lower arms have equal lengths)
to form a lengthwise symmetric molecular junction. As
already mentioned that to get circular current we need
to break symmetry between the two arms for this length-
wise symmetric junction which we do by altering the sta-
tus of a single atomic site or more sites depending upon
the requirement of logic functions. Two different sta-
tus are enumerated by two filled colored sites (green and
red), where the filled red circles correspond to the parent
lattices having a specific site energy and the other cir-
cles (i.e., green circles) have another site energy, and this
change of site energy is done by means of gate electrode.
The full system is modeled by a tight-binding (TB)
framework and the Hamiltonian becomes
H = HM +HS +HD +Htun (1)
whereHM represents the molecular Hamiltonian,HS and
HD are the Hamiltonians for the S and D electrodes,
and the HamiltonianHtun is associated with the coupling
of the molecule with side-attached electrodes. All these
Hamiltonians are described by a similar kind of TB form
and within non-interacting picture the general form of
Hamiltonian reads as14,16
HK =
∑
p
ǫpc
†
pcp + η
∑
p
(
c†p+1cp + c
†
pcp+1
)
(2)
where K = M , S, D and tun as used in Eq. 1. The
parameters ǫp and η describe the site-energy and nearest-
neighbor hopping (NNH) integral, respectively, and c†p, cp
are the Fermionic operators. Now, depending on different
parts of the molecular junction we use different symbols
of site energy and NNH integrals. For the two perfect
electrodes these are ǫ0 and t0, respectively, while for the
molecule, having six atomic sites, these parameters are
ǫm and v, respectively. The molecular ring is coupled
to S and D through the coupling parameter τS and τD,
respectively, and these are responsible for the tunneling
of electrons between the molecule and electrodes.
This is all about the Hamiltonian of our system. Now,
in order to explore logical operations and storage mecha-
nisms first we need to calculate bias induced circular cur-
rent, and we do it by using wave-guide theory14–16,24–26, a
standard method of studying electron transport through
a conducting junction. In this prescription a set of cou-
pled linear equations involving wave amplitudes at dif-
ferent lattice sites of the molecule are solved those are
generated from the Schro¨dinger equation
H |ψ〉 = E|ψ〉 (3)
where |ψ〉 =
∑
p Cp|p〉. Cp’s are the wave amplitudes
and |p〉’s are the Wannier states. Assuming plane wave
incidence from the source electrode with unit ampli-
tude we can write the wave amplitude at any particu-
lar site q (say) of S as eik(q+1)a + re−ik(q+1)a, where k
is the wavevector and it is determined from the relation
E = ǫ0 + 2t0 cos(ka) (a being the lattice spacing). r
is the reflection coefficient. For the drain electrode the
wave amplitude at any particular site l (say) becomes
quite simpler as there is no reflection from the drain end
and gets the form teikla, where t is the transmission co-
efficient, and, its absolute square gives the transmission
probability. Using the above wave forms of incident and
transmitted waves, we solve the coupled linear equations
involving wave amplitudes at different lattice sites for
different injecting electron energies, and then we calcu-
late bond current density between any two neighboring
sites (say, m and m + 1) of the molecule following the
expression14,16,24
Jm,m+1 =
2e
~
Im [vC∗mCm+1] (4)
Integrating this current density we compute bond current
3for a particular bias voltage V and it becomes14,16,27
Im,m+1(V ) =
EF+
eV
2∫
EF−
eV
2
Jm,m+1(E) dE (5)
where EF is the equilibrium Fermi energy. Once the
bond current is evaluated, the net circular current in the
molecular ring is obtained from the relation14,16,28,29
Ic =
1
L
∑
i
Im,m+1 a (6)
where L (= Na) describes the circumference of the
molecular ring geometry and N corresponds to the to-
tal number of atomic sites in it. The circular charge
current can be positive or negative as well depending on
bias regimes, unlike transport charge current which is al-
ways positive. We assign positive sign for the circular
current flowing in the counter-clockwise direction. Thus,
for a lengthwise symmetric molecular junction when the
status of the upper and lower arms are exactly identical,
equal currents pass through these arms but they prop-
agate in opposite directions which leads to a vanishing
circular current. We refer it as OFF state for the logi-
cal operations. On the other hand, for the asymmetric
conditions currents in different arms are no longer iden-
tical which results a finite Ic and we define it as ON state
of the output. The non-zero circular current produces a
magnetic field B, and we can easily calculate it (B) at
any desired point ~r by using Biot-Savart’s law14–16,28,29
~B(~r) =
∑
〈m,n〉
(µ0
4π
)∫
Im,n
d~r′ × (~r − ~r′)
|~r − ~r′)|3
(7)
where r′ is the position vector of the current element
Im,nd~r′, and µ0 (= 4π × 10
−7 NA−2) is the magnetic
constant. To calculate magnetic field we need to take the
sum over all bonds 〈m,n〉 of the molecular ring. This
circular current induced magnetic field may be utilized
for storage mechanism as well, as we discuss below.
For the entire discussion we set the system tempera-
ture at absolute zero, for simplification, and no physics
will be altered at all at finite (low) temperatures since
the system size is too small which yields much higher av-
erage spacing of energy levels and at the same time the
thermal energy broadening is extremely small compared
to the broadening caused by the molecule-to-electrode
coupling27.
III. NUMERICAL RESULTS AND DISCUSSION
In what follows we present our results. Before scruti-
nizing the individual logical operations along with stor-
age functions, based on the mechanism of bias induced
circular current under two input conditions, we explore
FIG. 2: (Color Online). Molecular setup, shown in (a), along
with the dependence of circular current, shown in (b) (density
plot), on ǫα and ǫβ for this setup. Here we plot the absolute
values of the circular current (though it can have both positive
and negative values, unlike the conventional transport current
which is always positive) since the output of our logic func-
tions depends on whether the circular current is finite (ON
state) or zero (OFF state). For numerical calculations we
choose the site energy and nearest-neighbor hopping (NNH)
strength in S and D as zero and 3 eV, respectively. The site
energies of the parent lattice sites (filled red circles) of the
molecular ring are fixed at −1.5 eV, and for the other two sites
(filled green circles) site energies are variable. The NNH in-
tegral in the molecular ring is set at 2.5 eV, and this molecule
is coupled to S and D with the hopping strength 1 eV. All the
results are computed at the bias voltage V = 2Volts.
the general features of circular current Ic in the molecu-
lar ring. In order to explore it, let us start with the setup
given in Fig. 2(a) where the input signals are applied to
the filled green circles marked as α and β sites. These
two sites get two different energies, referred as ǫα and ǫβ,
compared to the parent lattice sites (shown by the filled
red circles) whose site energies are parameterized by ǫm
as mentioned earlier in theoretical prescription. For this
typical junction setup (Fig. 2(a)), the dependence of cir-
cular current on ǫα and ǫβ is shown in the lower panel
of Fig. 2 (Fig. 2(b)). We tune ǫα and ǫβ in a wide range
starting from −3 eV to −1.5 eV, and interestingly we find
that the circular current completely vanishes whenever ǫα
matches with ǫβ for this lengthwise symmetric molecular
junction. Whereas, finite Ic is observed under the condi-
tion ǫα 6= ǫβ, and it (Ic) reaches to a maximum when the
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FIG. 3: (Color Online). Layouts of molecular junctions to get distinct logical operations. Depending on the operations we vary
the number of filled green circles as well as their locations on the ring circumference. When the gate electrode is ON, the green
site acquires the energy −3 eV and we consider it as ON state of the input, while for the OFF state of the input (viz, when gate
is OFF) this energy becomes identical with the parent lattice sites (filled red circles) which is fixed at −1.5 eV. The additional
filled green circles, where gate electrodes are not placed in the setups, will have the fixed site energy (equals to −3 eV) for the
entire process. The reason behind this consideration is explained clearly in the text. All the other physical parameters are
same as taken in Fig. 2. Total five logical operations are presented.
difference between these two inputs are maximum. The
above facts can be explained clearly by incorporating the
concept of symmetry between the upper and lower arms
of the molecular junction. When ǫα = ǫβ, both these two
arms are physically identical, and therefore, the currents
passing through these arms are equal in magnitude but
as they traverse in the opposite directions the net circu-
lar current vanishes. Naturally, a finite current appears
only when the symmetry between the two arms is broken,
and that is done by making the site energies of the two
green sites unequal. The underlying physics of getting
circular current (resultant of individual bond currents,
see Eq. 6) is that at least one molecular energy level has
to appear within the bias window for which we are inter-
ested to get circular current. With increasing this voltage
window, more energy levels may appear and all of them
contribute to the current (both positive and negative cur-
rents are highly expected). Eventually the net response
is determined by the dominating energy levels. So, nat-
urally, we can expect both the two signs of this current,
unlike the transport charge current which always be pos-
itive. As for the logical operations we are not bothering
about the sign of the current Ic, in Fig. 2(b) we take
the absolute values of Ic to have a clear idea of this den-
sity plot. The other notable thing is that the amount
of circular current is too high (few microamperes) which
induces a strong enough magnetic field (∼milliTesla) at
and away (not too far) from the ring center.
This is the basic concept of circular current that is uti-
lized to explore different logical operations, and below we
characterize them. In this communication we are able to
explore total five logic gates (OR, NOT, XOR, XNOR,
NAND) based on the idea of bias induced circular current
and the sketches for designing these gates are shown in
Figs. 3(a) to (e), respectively. Two gate electrodes (Gate-
I and Gate-II) are used for two-input logic gates, while a
single such electrode is used for the one-input logic gate
(i.e., for NOT gate). Applying a suitable gate voltage we
5tune the site energies (ǫα, ǫβ) of the atomic sites placed
in the vicinity of gate electrodes. When the gate is ON,
the site energy becomes −3 eV, while in the OFF state
this energy becomes identical to the parent lattice sites
which is fixed at −1.5 eV. These two site energies are
considered as the ON and OFF states of an input signal.
Now, in addition to this, in some cases (NOT, XNOR,
and NAND) we include green site(s) whose energy is fixed
at −3 eV for the entire operation. To set this energy we
also use an external gate electrode, like other cases, but as
it is not changed we do not show the image of extra gate
electrodes in our schematic diagrams, not to make them
clumsy. These additional green sites (for the NOT and
XNOR gates the number of extra green sites is one, while
for the XNOR gate this number is two) are required to
achieve definite logical operations following the symme-
try conditions. With these propositions now the logical
operations can be clearly understood from the distinct
sketches shown in Fig. 3(a)-(e). Their output responses
are presented in Table I for the quantitative treatment.
Looking into the data given in Table I we see that, in each
case quite large circular current appears in the ring when
TABLE I: Truth tables for different logical operations. High
circular current (in units of µA) is obtained in each case.
Input Input Output NOT
I II OR XOR XNOR NAND Input Output
0 0 0 0 52.5 682.2 0 52.5
0 1 52.5 52.5 0 48.7 1 0
1 0 52.5 52.5 0 48.7
1 1 686.2 0 48.7 0
the output signal is ON. It suggests an easy detection of
Ic by some indirect means
30 as the response involving
Ic will be large enough to measure. For the OFF state,
no such response will be available. In the same footing,
the large Ic induces a considerable magnetic field (few
orders of milliTesla) at the ring center as well as in its
close vicinity. The strength of magnetic field, associated
with circular current Ic, can easily be estimated from
the relation given in Eq. 7. Defining R as the perpen-
dicular distance from the centre of the benzene molecule
to any C-C bond, the magnetic field at the ring center
can be expressed as B = (6µ0/4πR)Ic. Thus, for the
average circular current (say) Ic = 50µA (see Table I),
the induced magnetic field (considering R ∼ 0.13 nm15)
becomes ∼ 230mT which is too large than the required
magnetic field to operate a single spin, and it can be un-
derstood clearly from the following analysis. It is well
known that with the application of magnetic field the
orientation of a spin can be regulated selectively. For ro-
tating a single spin by a relative angle θ within a time
scale τ , the required magnetic field is32: B = 2~θ/gµBτ ,
where µB is the Bohr magneton and g represents the
g-factor. Thus, to rotate a spin by an angle θ = π/2, as-
suming the average operation time τ = 5 ns, the desired
magnetic field is B ∼ 7 mT32, which is too small com-
pared to the obtained average magnetic field ∼ 230mT in
the molecular ring. The above arguments essentially mo-
tivate us to recommend two separate schemes for storage
mechanism using our molecular system. One is charge
based which is our primary goal along with logic func-
tions, and the other is the spin based. The ideas are
as follows. For the charge based device, we mark 1 for
finite Ic, while it becomes 0 when Ic completely disap-
pears. Since this current is non-volatile, the information
can definitely be stored even when the power is off. For
the other prescription i.e., spin-based, we can place a free
magnetic site either at the center of the molecular ring or
away (not so far) from the ring plane whose magnetic mo-
ment direction can be tuned by means of circular current
induced magnetic field15,31. Assigning the free moment
direction (not along Z-direction, say in the X-Y plane)
as 0 for the case when Ic = 0, and its direction along Z-
axis as 1 due to the interaction of magnetic moment with
B field for finite Ic, we can define two separate states of
logic bits. As the induced magnetic field is reasonably
high, it can easily tune a magnetic moment32 which is
not aligned initially along Z-direction, and we strongly
believe that this prescription can be substantiated.
Before we end the discussion, we would like to state
that the results studied here are worked out for a typical
set of parameter values. But all these results are equally
valid for any other set of parameter values which proves
the robustness of our analysis.
IV. CLOSING REMARKS
We conclude by pointing out that a single benzene
molecule (or any other cyclic molecule having even num-
ber of sites, though smaller rings are always appreciable
as they can produce large circular current) is capable of
performing different logical operations and can be pro-
grammed and re-programmed for suitable functional op-
erations. Our proposal leads to a significant impact in
designing charge based storage device along with func-
tional logical operations.
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